We are developing a technique which will enable us to obtain high-contrast, high-spatial resolution, three-dimensional images in opaque objects. Our only constraint will be the radiation source and detector(s) will be located on the same side of the object. Our goal is to obtain images with a spatial resolution of -1 mm at depths of 10 mm and -3 mm at depthsof 30 mm in materials of moderate density (brass, steel, etc.).
INTRODUCTION AND BACKGROUND
We feel one-sided tomography has the potential to define state-of-the-art technology in the fields of nondestructive evaluation, quality control, inspection and interdiction. Previously, however, progress in this field has been incremental, primarly due to the intrinsic inefficiency of the x-ray scattering process and the inadequacy of high-energy photon imaging detectors.
Previous attempts to image, using scattered photons, have involved the use of both highly collimated detectors and an equally highly collimated source14. Although such systems were able to obtain reasonably high resolution and contrast, the consequences of using such drastic collimation were twofold: (1) It was necessary to raster the entire volume being imaged. This meant that the amount of time required for an image scaled directly with the volume of the object. (2) For penetrating radiation, the collimation on the detector and the source had to be thick and heavy. This resulted in a large and unwieldy apparatus. Incremental advances in this technology would be of small value; therefore, a method that would increase the efficiency of the system by factors of a hundred or more was needed.
As a result, Uncollimated Compton Backscattering Tomography (UCBT) evolved, which eliminates the collimation process. Briefly, the kinematic energy shift of the scattered radiation is measured and used to calculate where the scattering has occurred. To achieve this, it is necessary to use monochromatic (or possibly polychromatic) incident photons and to measure accurately the spectrum of the scattered photons. The basic principles of this technique, results of my calculations, and preliminary results from my tomography apparatus are summarized here.
Conventional One-Sided X-Ray Tomography
The conventional technique typically uses an intense (-> 10 ci) x-ray or gamma ray source. Both source and detector are highly collimated into a pencil of very small angular size. The collimators must be highly opaque to both the incident and scattered radiation since it is the collimation that determines the resolution of the system. The system of collimators define a scattering volume. If the specific intensity of the source is known, the detector efficiency is known, and the geometry is understood, then it is possible to use the measured x-ray flux to determine the electron density of the object. To do this, however, the entire volume must be scanned a voxel at a time. The small magnitude of the scattered signal together with the necessity of scanning the entire volume makes this technology unattractive. Figure 1 1 illustrates the basic components of the apparatus.
Uncollimated Compton Backscattering Tomography (UCBT)
By removing the constraints imposed by drastic collimation, the performance of one-sided radiography can be radically improved. Two specific problems of the collimators are: (1) It is necessary to scan the entire volume of interest, and (2) They radically reduce the efficiency of the system.
To understand the principles of UCBT, a review of some of the basic principles of the interaction of radiation and matter and radiography have been included. Figure 2 shows a graph of the x-ray cross sections as a function of photon energy for all the dominant processes that occur in the range plotted. For relatively low energies, the total interaction cross section is high and is dominated by the photoelectric effect. The photoelectric effect represents true absorption. Scattering can occur from one of two processes: coherent (Raleigh) scattering and incoherent (Compton) scattering. Coherent scattering dominates at low energies where the primary interaction is dominated by absorption. At higher energies, the Compton effect not only dominates scattering but is the dominant interaction. Note that this dominance occurs in the very region where matter is most transparent. These interactions are also dependent on material properties. The absorption and Raleigh scattering are both highly dependent on the atomic number Z (absorption Z3.6 and Raleigh scattering -Z2). To the contrary, Compton scattering represents the photons' interaction with individual electrons. The strength of this interaction is therefore dependent on the electron density and is relatively independent of the atomic number.
Contrast can be defined as the fractional change in flux density due to the objects inhomogeneity. For absorption radiography/tomography see Figure 3a . As shown, if the argument of the exponent kd'w is small, the contrast will also be small. This implies that for absorption radiography, the contrast decreases as the energy of the radiation increases (i.e., as the radiation becomes more penetrating). The case of Compton scattered radiation imaging is illustrated in Figure 3b . In this case the contrast is proportional only to density variations and is independent of photon energy. The implication is that imaging techniques that use scattered photons may use photons of very high energy (highly penetrating) without a subsequent loss of contrast. This is an oversimplification, because it neglects the effects of backgrounds and counting statistics. Using these assumptions, not only does scattering tomography allow detector and source to be on the same side of the object, but scattering will, in principle, out perform absorption when the spatial resolution desired is smaller than the mean free path of the radiation. Figure 4 illustrates the kinematics of the scattering of a photon with a single electron-the Compton effect. To conserve both momentum and energy, it is necessary that the recoiling electron receive a fraction of the incident photons' energy. The scattered photons' energy must therefore be decreased by this same amount. The equation shown in Figure 4 expresses the relationship between energy of the scattered photon as a function of its scattering angle and its initial energy. This energy shift can be very large and easily measurable for incident photons of energies over about 200 keV-the very region where the Compton starts to dominate in many materials. Figure 5a shows a plot of this equation for incident photons of 5 Mev, 2
Mev, 1 Mev, and .5 Mev. Figure Sb is a plot of the first derivative-the dispersion as a function of scattering angle. As the incident photon energy is increased, the peak in the dispersion moves to forward angles; and at angles >-90 degrees the dispersion is much smaller. However, even at 135 degrees for .5Mev incident radiation the dispersion is about 50 key/radian or almost 1 key per degree. One key is very close to the resolution of most gamma ray spectrometers. Therefore, one could expect angular resolution of this order by simply measuring the energy spectrum of the detected photons. This corresponds to a spatial resolution of about 2 mm at a distance of 10 cm.
As shown in Figure 6 , it is possible to obtain information about where a scattering event occurred without the need for collimating the detector. This is the method employed by Farmer and Collins5. Clearly, the energy of the detected photons is directly related to the scattering position. Furthermore, if the scan proceeds from the outside inward, the attenuation of the incident and scattered beam can be determined. A more efficient method was developed by Prettyman6. His apparatus is shown in Figure 7 . In this technique, neither incident beam nor detector is collimated. Therefore each energy interval in the spectrum, as measured by the detector, corresponds to photons that are scattered from the locus of all points of a given scattering angle. If the object is then rotated and spectra are obtained for each angle of rotation, enough information is obtained to reconstruct the image. The techniques are similar to, and more complex than, those used by conventional tomographic reconstructions. In both of these methods, the ultimate resolution is a direct function of the width of the source, the width of the detector, and the resolution of the detector. Implicit in the above description is the restriction of the detected photons to single-scatter events. Any contamination of the spectrum, due to multiple scattering in the material would destroy the chain of angle-to-energy-to-position. During the past year, we estimated the magnitude of multiple scattering and devised schemes to minimize its effects7.
For one-sided imaging, the Prettyman method is of little value because it requires rotating the object. Although the Farmer and Collins method has more potential, it is still too inefficient to be practical. Again what is needed is large area detectors and an uncollimated source.
Superman-Virtual Collimation
Figure 8 illustrates our UCBT apparatus. The source is collimated to an approximate pencil by a tantalum cylinder. The detector is uncollimated and views the intersection of the beam with the object through a set of tantalum baffles. The design of these baffles is critical and not yet optimized. The baffles serve two purposes: (1) They are coplanar to the incident beam and confine the detectors field of view to this plane. This reduces the backgrounds due to multiply scattered radiation by about two orders of magnitude.7 (2) The field of view is strongly vignetted by these slits. This vignetting allows different depths to be discriminated by its spectrum. If the spectrum from various depths is known, by adding these spectra together, it is possible to obtain the spectrum of the entire object. However, obtaining the spectrum as a function of depth is not straightforward.
According to the results of Monte Carlo simulations of this system7, the best efficiency expected is about i08. Although this would provide reasonable count rates for sources of moderate activity, it would still require several minutes to obtain a spectrum with adequate statistics, and this spectrum would reconstruct a volume equal to only the cross section of the beam multiplied by the length of the beam (.O2 cm3). To obtain information about large volumes would be very difficult. The efficiency could be increased by simply using multiple beams incident or arrays of detectors. Designs along these lines have been tried by investigators using collimated detectors with only limited success. A more effective approach might be to use a technique we call "virtual collimation," shown schematically in Figure 9 . (We call this apparatus superman.)
This technique does away with the physical collimation of the source entirely and instead uses the coincidence technique to determine the path of the incident radiation. The radioactive source must be a positron emitter. Positrons emitted by the source nucleii are quickly brought to rest inside the source where they decay by annihilation with their antiparticle, the electron. To conserve both momentum and energy this decay results in the release of two photons-each with an energy of 5 1 1 key and traveling in opposite directions. Therefore, detection of photons by one of the virtual collimator array detectors guarantees that another photon was launched in the opposite direction. If a photon were detected in the spectrometer in time coincidence with a photon detected by the virtual collimator array it would be the same as if that photon had traveled through a collimator. These collimator detectors could consist of one-dimensional arrays and perhaps could be arranged in rows, as shown. It is not difficult to imagine several square centimeters of these detectors giving an increase in sensitivity of perhaps several hundred. But that is not all, in going to virtual collimation, the source can be transported to within a centimeter or two of the object giving another factor of 10 increase in efficiency! Furthermore, the spatial resolution for this system could be greatly enhanced without loss of efficiency.
For a numerical example, consider a virtually collimated source placed 5 cm from the object, and an array of detectors arranged so that the incident beam has a cross section of 3 mm x 1 cm (an increase in nine [solid angle of source] times30 [beam area] or almost 300. For a 100 mci source, the count rate in the virtual collimator array would be about three million per second. For an array consisting of 100 detectors of 50% efficiency, the count rate would be about ten thousand per second per detector, which is about 10 to 100 times slower than the throughput of commonly used commercially available coincidence electronics. This detector array does not need good energy resolution.
RECONSTRUCTION ALGORITHM
Developing a reconstruction algorithm was difficult because the scattered signals were strongly attenuated in the object being measured and the attenuation coefficients varied considerably with energy (angle). Since the detector subtended a large region in the dispersion direction, the place where the scattering occurred was indeterminate by this same amount. The expression for the intensity of the singly scattered photons as a function of energy is: To reconstruCt the object from its spectrum, we first descretized the object by describing the object as a density matrix d(x,y,z). In this matrix, x, y, and z represent the number of elements in the x, y, and z direction, respectively. If y is the direction of the surface normal, and x is normal to y and in the plane defined by the surface normal and beam, then, in this case the z direction is irrelevant (and therefore not mentioned further). A numerical integration of the above integral results in:
() = D (1-k1d1dr1)(1-kid2dr2)...(1_k2dri'di')(1_k2th2'd2' )...() ddr (2) de where: D = nearly constant ds = path of incident beam inside nth cell dr' = path of scattered beam inside n'th cell d =a density multiplier (i.e., d(x,y,z) =d • P , P normal density As shown, the path of integration is along the incident beam direction and out in the direction specified by the Compton equation. If each volume element is small compared to the mean-free path this equation can be rewritten as follows:
where: O(Kdrd)2 represents the sum of all terms of second order or higher in (Kdrd).
As long as the cell size is smaller than the mean-free path, the first order term is due to scattering. Absorption may be very strong but contributes only in second order. This analysis does not identify the location where the scattering occurs, but it does show that it is the highest order interaction.
Based on this, it is possible to reconstruct an object from a set of spectra obtained by scanning in the x and z direction.
(1) The density matrix is initialized so that each element has normal density. (2) The spectrum is calculated for each depth for the object using this density matrix. This basis (spectra) is used to do a linear-least-squares fit to the last spectra obtained from the scan. The fitting parameters then correspond to density multipliers for all the voxels intersected by the beam at each depth (i.e., a diagonal in the density matrix for an incident beam angle of 45 degrees). (3) These multipliers are used to correct these elements in the density matrix. This new density matrix is then used to calculate a new basis (spectra). (4) A least-squares fit is obtained for the second to the last spectra. This gives a new set of density multipliers corresponding to the second to the last diagonal on the density matrix. This process is continued until all spectra have been fitted. Then, the process begins again with the last spectra (the first one calculated). This process is iterated until convergence (i.e., no further change in density multipliers is obtained). Tables 1-3 represent examples ofreconstructions by this program for the superman geometry described earlier. In each case, the voxel size is 1 mm cubed. Table 1 is an example of two voids, one behind the other (as seen by the source). The reconstruction converged in only three iterations. Each iteration took approximately 3 hrs on an amiga 2000 with a 33 MHz accelerator card and floating-point processor. Tables 2 and 3 are examples of reconstructions where statistical noise was added to the spectra. In these tables, the voids are diamond shaped. The data in Table 2 had 3% noise added to it; in Table 3 , the data had 2.5% noise added to it and the void was changed toa region of half-normal density. In all these examples, we assumed the object to be made of steel. Figure 10 shows an example of a calculated basis set along with the calculated spectrum. Tables 1-3 indicate that the reconstruction is not perfect. Currently, we are developing an improved method to enhance the code. One of the weaknesses of the above calculations is in the radiation transport algorithm. When the code is initialized, the angles corresponding to each energy bin in the spectra are calculated and stored. At the same time, the meanfree paths corresponding to each of these angles is also calculated and stored.
The numerical integration is performed along the beam direction (inward at; outward) in small increments "dr," where dr is generally about 0.2 times the voxel dimension. This calculation proceeds as follows.
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For each increment "dr," the code performs a test to identify in which cell it is located. It then uses the mean-free path associated with its energy (angle) multiplied by that particular cell's density multiplier. This process continues until the edge of the object is reached. The problem with this method, other than its slowness, is that it does not consider the finite width of the beam. This width is typically greater than the width of a voxel. Therefore, the assumption that photons scattered from a given depth all traversed the same voxels is not valid. The current method under development implicitly integrates over the width of the beam. In addition to better reconstruction, this method is expected to be about 10 to 20 times faster. Figure 11 is a photograph of the superman apparatus. In this figure, the cylinder with the small padlock on it is the lead pig that holds the radioactive source. In our experiments, this source is 300 mci of Cs-137. Physically, the source is in the shape of a small, right, circular-cylinder, 3 mm in diameter and 3 mm long. The intrinsic germanium spectrometer is shown about 10 cm away from the pig, surrounded by lead bricks. These lead bricks are necessary to reduce both the natural background radiation and the background from the pig. Without this shielding, these backgrounds would be considerably brighter than the signal.
DATA
The 3-mm wide source was three times the width of the resolution we were trying to achieve. Collimating the source to 1 mm results in a very large penalty in efficiency. Not only does the solid angle decrease a factor of nine, but unless one is very careful, the area of the source as viewed through the collimator also decreases a factor of nine for a grand total of over eighty. By tapering the collimator, it is possible to view the entire source (at the cost of increasing the divergence of the beam). This beam divergence drastically degrades the contrast obtainable.
The baffles consist of two sets of tantalum slit jaws with apertures of from 1-to 3-mm wide by 1-to 3-cm long. The subtended average angle of these slits is approximately 70 degrees.
Finally, below that is the phantom, positioned on an X-Y-Z translation stage. Two other phantoms are shown in front of the apparatus along with two additional collimation cylinders. The phantoms consist of two identical blocks in which a stairstep shaped wedge has been cut. By sliding the blocks apart, and shimming one of the blocks a void of almost any size can be created at various depths. Then by scanning the phantom in the direction normal to this wedge, the depth of this void can be varied systematically. Thus, spectra from a phantom with known voids at varying depths could be obtained using automation.
Although considerable effort was expended developing a first-principles reconstruction method, actual reconstruction is proceeding somewhat differently. The basis set we are using for the actual reconstruction is semi-empirical and obtained by a separate basis measurement. This is because it is extremely difficult to accurately calculate all the effects of geometry and detector resolution. On the other hand, it is extremely easy to measure this basis set, and this measurement necessarily includes all these effects. The development of this procedure is not yet complete, but most of the routines have been written and verified.
Therefore, a basis set is generated by measuring the spectrum from a thin plate that is placed at the corresponding basis position. The thickness of the plate is equal to the voxel thickness. The spectra obtained from these measurements are then corrected for what the attenuation would have been had the scattering been from a layer corresponding to this position inside the object. These corrected spectra are then the basis set complete with the exact geometry and detector efficiencies. Figure  12 is a plot of some of these basis spectra. Figure 13 is a plot comparing the spectra obtained from a 0. 1 in. (2.5mm) void buried in a 0.45 in. (1 1.4 mm) , solid brass block to a similar void buried 0.35 in. (8.9 mm) in the same solid brass block. Although these are raw data, and no attempt has been made to subtract backgrounds or remove lines, the difference in the two is apparent. We anticipate the reconstruction code for these spectra to be completed in the near future.
CONCLUSION
We are currently developing a method of obtaining three dimensional images of opaque objects. This technique should be capable of obtaining millimeter-scale resolutions at depths of up to 25 mm of objects imbedded in solid steel. It will not require access to both sides of the object to be imaged. By using virtual collimation, its efficiency can be improved by about three orders of magnitude.
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